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We systematically investigated the temperature behaviors of the electrical conductivity and Hall
coefficient of two series of amorphous indium gallium zinc oxides (a-IGZO) films prepared by rf
sputtering method. The two series of films are ∼700 nm and ∼25 nm thick, respectively. For each
film, the conductivity increases with decreasing temperature from 300K to Tmax, where Tmax is the
temperature at which the conductivity reaches its maximum. Below Tmax, the conductivity decreases
with decreasing temperature. Both the conductivity and Hall coefficient vary linearly with lnT at
low temperature regime. The lnT behaviors of conductivity and Hall coefficient cannot be explained
by the traditional electron-electron interaction theory, but can be quantitatively described by the
current electron-electron theory due to the presence of granularity. Combining with the scanning
electron microscopy images of the films, we propose that the boundaries between the neighboring
a-IGZO particles could make the film inhomogeneous and play an important role in the electron
transport processes.
Amorphous indium gallium zinc oxide (a-IGZO), which
simultaneously possesses high optical transparency in vis-
ible range, high carrier mobility and low temperature fab-
rication process, is being considered as the good candi-
date of the active channel material in thin-film transistors
(TFTs).1–4 Compared with polycrystalline metal oxides,
the amorphous oxides do not have grain boundary. The
grain boundary could seriously affect the carrier mobility
and uniformity of oxide materials, which in turn would
influence the performance of TFTs.2,4–6 Hence the amor-
phous oxide material is more suitable for TFTs than the
polycrystalline one. However, even for the amorphous
film, it often experiences the discontinuous to continuous
process in the first stage of film growth. Thus the bound-
aries between amorphous particles are also inevitable in
the amorphous films. In this Letter, we measured the
variations in resistivity and Hall coefficient with temper-
ature for the thick (∼700nm) and thin (∼25nm) a-IGZO
films from 300 down to 2 K. We found the electron-
electron interaction (EEI) due to the presence of gran-
ularity governs the temperature behaviors of longitudi-
nal and Hall transport of the a-IGZO films. Combining
the scanning electron microscopy (SEM) images of the
films, we conclude that the subtle influence of bound-
aries between the the neighboring amorphous particles
in a-IGZO films on the electronic transport processes can
not be neglected.
The samples were deposited on glass substrates by rf
sputtering method. A commercial InGaZnO4 ceramic
target with purity of 99.99% was used as the sputtering
source. The atomic ratio of In, Ga, and Zn is 1 : 1 : 1.
The base pressure of the sputtering chamber was below
∼1 × 10−5Pa. The sputtering was carried out in an ar-
gon (99.999% in purity) atmosphere with the pressure
of 0.6Pa, and the sputtering power was maintained at
100W during the deposition process. To obtain films
with high conductivity, the substrate temperature was
set as 688 and 788 K, respectively. We deposited IGZO
films with thickness ∼700 and ∼25 nm at each deposi-
tion temperature. The film notations are listed in Ta-
ble I. Hall-bar-shaped samples were deposited for the
measurements of Hall coefficient RH and conductivity σ,
by using mechanical masks. The thicknesses of the films
were measured with a surface profiler (Dektak, 6 M) for
those films with thickness of ∼700nm, and with the low-
angle x-ray diffraction for those films with thickness of
∼25nm, respectively. The crystal structures of the films
were measured by using a x-ray diffractometer (XRD,
D/MAX-2500v/pc, Rigaku) with CuKα radiation. The
results indicate that all films are amorphous. The sur-
face morphologies of the films were characterized by the
SEM (S-4800, Hitachi). The electrical conductivity and
Hall effect were measured using a physical property mea-
surement system (PPMS-6000, QuantumDesign), by em-
ploying the standard four-probe method. The aluminium
electrodes with thickness ∼280nm were deposited before
the electrical transport property measurements.
Figure 1 shows the SEM images of the films. Although
these IGZO films are amorphous, they are composed of
amorphous IGZO particles. For those ∼700nm thick
films, the mean particle size of the film deposited at 788K
is significantly larger than that of the film deposited at
688K. In addition, there are distinct boundaries between
the neighboring particles. These boundaries could affect
the uniformity as well as the subtle electron transport
processes of the amorphous films.
Figure 2 shows the conductivity varies as a function
of temperature from 300 down to 2K for the films. The
room temperature conductivities of the films lie between
4.05× 102 and 7.20× 102Ω−1 cm−1. Hence all the films
have relative high conductivity. Upon decreasing tem-
perature from 300K, the conductivity of each film in-
creases with decreasing temperature, reaches its max-
imum at Tmax (Tmax varies from 92 to 115 K for our
films), and then decreases with further decreasing tem-
perature. The enhancement of conductivity with de-
2TABLE I. Relevant parameters for the a-IGZO films. TS is the substrate temperature during deposition, t is the mean-film
thickness, T1 is the maximum temperature for the ∆σ ∝ lnT law hold. σ0 and gT are the adjustable parameters in Eq. (2),
σ0 represents the conductivity without the EEI effec. n
∗ is the measured effective carrier concentration at T2, and T2 is the
maximum temperature below which RH varies linearly with lnT . cd and E0 are the adjustable parameters in Eq. (3).
Film TS t T1 σ0 gT T2 n
∗ cd E0
No. (K) (nm) (K) (10−4 S) (K) (1026 m−3) (10−22 J)
1 688 653.5 25 5.05 17.3 45 1.04 1.38 7.07
2 788 683.7 30 4.90 15.5 45 1.00 1.24 7.07
3 688 24.5 15 7.00 11.6 40 1.73 1.51 5.07
4 788 25.6 15 4.42 7.2 35 1.10 1.29 4.36
FIG. 1. SEM micrographs of a-IGZO films (a) No.1, (b) No.2,
(c) No.3, and (d) No.4.
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FIG. 2. (Color online) The conductivity as a function of tem-
perature for a-IGZO films (a) Nos.1 and 2, and (b) Nos.3 and
4. The inset of (a): normalized conductivity σ /σ(100 K)
versus lnT under a field of 7T for films No.1 and No.2.
creasing temperature above Tmax indicates that these a-
IGZO films possess metal (more strictly, degenerate semi-
conductor) characteristics in transport properties.7,8 The
reasons why the a-IGZO films have the metal-like trans-
port properties deserve further investigation. In homo-
geneous disordered conductors, the decrease of conduc-
tivity with decreasing temperature at liquid helium tem-
peratures generally originates from the weak-localization
(WL) and EEI effects.9–14 In three dimensional disor-
dered conductors, the corrections to the conductivity due
to WL and EEI effect are given as12–14
∆σ(T ) =
e2
2pi2~
α
τ
1/2
ϕ
+
e2
4pi2~
1.2√
2
(
4
3
− 3
2
F˜
) √
kBT
~D
, (1)
where α is a constant, e is the electronic charge, ~ is
the Planck constant divided by 2pi, kB is the Boltzmann
constant, D is the diffusion constant, τϕ is electron de-
phasing time, F˜ is the the screening factor averaged over
the Fermi surface. The first term on the right hand side
of Eq. (1) arises from the WL effect, while the second
term originates from the interaction effect. To determine
F˜ independently, we measured the conductivity varies as
a function of temperature under a magnetic field of 7T,
which is plotted in the inset of Fig. 2. Since the WL ef-
fect would be suppressed by the high field,12,14 one would
expect that the conductivities vary linearly with
√
T at
low temperature regime. However, the ∆σ ∝
√
T law is
not observed in the inset of Fig. 2, which means other
mechanisms should govern the temperature behavior of
conductivity at liquid helium temperatures.
As mentioned above, there are distinct boundaries be-
tween the neighboring a-IGZO particles. The conduc-
tivities of the boundaries would be much less than that
inside of the particles. Thus the low temperature con-
duction processes of the a-IGZO films would be simi-
lar to that of granular metals, where a granular metal
means a metal-dielectric composite lying above the per-
colation threshold.15–17 According to the recent theories,
the EEI effect in granular metals is distinct from that
of homogeneous disordered conductors. Specifically, in
granular metals and the strong intergrain coupling limit
[gT ≫1, where gT = GT /(2e2/~) is the dimensionless in-
tergranular tunneling conductance, GT is the intergrain
3tunneling conductance], the conductivity17–20 and Hall
coefficient21,22 can be written as
σ = σ0
[
1− 1
2pigTd
ln
(
gTEc
kBT
)]
(2)
and
RH =
1
n∗e
[
1 +
cd
4pigT
ln
(
E0
kBT
)]
, (3)
where n∗ is the effective carrier concentration, cd is
a numerical lattice factor, δ is the mean level spac-
ing in the metallic particle, Ec is the charging energy,
E0=min(gTEc, ETh), and ETh is the Thouless energy, σ0
is the conductivity without the Coulomb interaction, and
d is the dimensionality of the granular array. Eq. (2) is
valid in the temperature range gT δ/kB < T ≪ Ec/kB,
while Eq. (3) is valid in gT /kBδ . T . E0/kB. Re-
cently, the validity of Eq. (2)23–31 and Eq. (3)28–31 has
been experimentally tested.
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FIG. 3. The conductivity and Hall coefficient versus loga-
rithm of temperature for films No.1 and No.2. The solid
straight lines in (a) and (b) are least-squares fits to Eq. (2)
and Eq. (3), respectively
Figure 3 (a) and 3 (b) show the conductivities and Hall
coefficients of the ∼ 700nm thick films variation with
temperature at low temperature regime. Clearly, the
conductivity (Hall coefficient) varies linearly with log-
arithmic temperature from 2 (2) to ∼25K (∼45K) for
each film. The experimental σ (RH) versus T (T ) data
are least-squares fitted to Eq. (2) [Eq. (3)], and the re-
sults are plotted as solid curves in Fig. 3 (a) [Fig. 3 (b)].
When comparing the σ-T data with Eq. (2), σ0 and gT
are set as the adjustable parameters and the charging en-
ergy Ec is taken to be ≈10kBT1, where T1 ≈ 25K is the
maximum temperature below which the ∆σ ∝ lnT law
holds.23,28 For the RH -T fitting processes, cd and E0 are
the adjustable parameters, gT has been independently
determined above, and n∗ is taken the value of carrier
concentration at T2 (T2 is the maximum temperature be-
low which RH varies linearly with lnT ). The obtained
fitting parameters, together with the basic parameters of
sample No.1 and No.2 are listed in Table I. From Table
I, one can see that the gT values are far greater than 1.
Hence the necessary condition (gT ≫ 1) for the validity
of Eqs. (2) and (3) is satisfied.17,23 In addition, the ex-
tracted cd values are close to 1 (more precisely, slightly
greater than 1), which is consistent with the theoretical
prediction.23,26 The obtained values of σ0 are also rea-
sonable. Hence Eqs. (2) and (3) are safely applicable for
films No.1 and No.2.
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FIG. 4. The conductivity and Hall coefficient versus loga-
rithm of temperature for films No.3 and No.4. The solid
straight lines in (a) and (b) are least-squares fits to Eq. (2)
and Eq. (3)
Figure 4 (a) and 4 (b) show variations of conductiv-
ity and Hall coefficient with temperature for the two
∼25nm, thin films, respectively. Clearly, both the con-
ductivity and Hall coefficient vary linearly with lnT at
low temperature regime. Inspection of Eqs. (2) and (3)
indicates that the lnT behaviors of σ and RH are inde-
pendent of the granular array dimensionality. From the
SEM images, one can see that the a-IGZO particle size
lies between 20 and 30 nm, thus it is reasonable to assume
that the ∼25 nm films are covered by only one layer of
a-IGZO particles. Here we treat the ∼25 nm films as
two-dimensional (2D) granular arrays [d = 2 in Eq.(2)].
The experimental σ(T ) and RH(T ) data are least-squares
fitted to Eq.(2) and Eq.(3), respectively, and the results
are shown as solid curves in Fig.4. The detailed fitting
processes are identical to that used in ∼700nm films.
The obtained values of parameters σ0, gT , cd and E0 are
listed in Table I. The values of the parameters are also
reasonable.
In 2D disordered homogeneous conductors, the EEI
effect can also cause a lnT correction to the conductivity.
Specifically, the change of the sheet conductivity can be
written as14,32
∆σ(T ) =
e2
2pi2~
(
1− 3
4
F˜ ′
)
ln
(
T
T0
)
, (4)
where T0 is an arbitrary reference temperature, F˜ ′ is the
electron screening factor. The σ(T ) data in Fig. 4 (a) are
also compared with Eq. (4). Certainly, the experimental
4σ(T ) data follow the predication of Eq. (4). However,
the least-squares fits would lead to positive F˜ ′ values
for both films (F˜ ′ ≃ −0.17 and −0.13 for films No.3
and No.4, respectively). For the 2D disordered homoge-
neous conductor, the electron screening factor is required
0 ≤ F˜ ′ ≤ 1.9 Thus the measured ∆σ ∝ lnT cannot be
ascribed to the conventional EEI effect being applicable
to the disordered homogeneous conductor. This result,
on the other side, indicates that the boundaries between
the neighboring a-IGZO particles play an important role
in the electron transport processes.
In summary, we deposited ∼700nm and ∼25nm a-
IGZO films by rf-sputtering methods. The SEM images
indicated the films are composed of a-IGZO particles and
there are distinct boundaries between neighboring parti-
cles. All films reveal metallic characteristics in electron
transport properties. At low temperature regime, both
the conductivity and Hall coefficient vary linearly with
lnT , which cannot be explained by the traditional EEI
effect. We found that these lnT behaviors of σ and RH
result from the EEI effect due to the presence of granu-
larity. The subtle inhomogeneity of the a-IGZO is caused
by the boundaries between neighboring amorphous par-
ticles.
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